T he capability to measure regional biomass and carbon, and to estimate changes in these measures over time, grows in importance as a carbon-trading market is established and as researchers work to close large gaps in the global carbon budget by characterizing regional sources and sinks. A nascent carbon market already exists, and today countries and private firms are trading carbon in the context of carbon dioxide (CO 2 ) pollution abatement and mitigation (Rosenzweig et al. 2002) . Regional assessment of carbon is also important in the context of refining estimates associated with global carbon pools and fluxes, not only for budgetary considerations but also in the context of climate change. Reliable estimates will be needed to identify and monitor carbon sources and sinks over time to mitigate CO 2 output (Fearnside 1997 (Fearnside , 2000 , enhance carbon accumulation, and identify and moderate the effects of potentially devastating positive-feedback mechanisms.
Such mechanisms include a boreal feedback loop in which northern forests dry as a result of climate change, with concomitant, accelerated decay of bogs and fens that promotes increased CO 2 release and more warming and drying. This scenario is of some concern, given that global climate models generally agree that the greatest warming effects will be seen in the middle of the continents at high latitudes. Goodland and Irwin (1975) described an apocalyptic tropical positivefeedback loop, a "green hell to red desert" scenario, which may be given a push by climate change. This tropical scenario includes Amazonian deforestation, a change of climate to drier conditions because of decreased evapotranspiration, additional loss of moist tropical forest because of the regional climatic shift, and further forest loss. Though this scenario may overstate likely changes, historical and recent scientific evidence does show that the Amazonian water balance is changing (Gentry and Lopez-Parodi 1980, Salati and Vose 1984) and that Amazonian forest losses may, at some point, become irreversible (Shukla et al. 1990 ). But significant uncertainties exist even at the regional (e.g., state, province, ecoregion, subcontinent) level. Consider the following recent findings.
The missing terrestrial carbon sink that haunts the global carbon budget is of the order of 1 to 2 gigatons (Gt, or 1 x 10 9 metric tons [t]) of carbon per year. It is thought to be located in the temperate and boreal forest regions (Rayner et al. 1999 , Bousquet et al. 2000 . Recent work has done little to reduce carbon budget uncertainties (Schulze et al. 2000) . Fan and colleagues (1998) , for instance, argue that North America is the world's primary carbon sink on the basis of analyses done with atmospheric transport models, which are constrained by CO 2 station readings. Myneni and colleagues (2001) , on the other hand, make the case that northern Eurasian forests are the primary sink. They have produced northern hemispheric maps of carbon flux by using multitemporal AVHRR (Advanced Very High Resolution Radiometer) satellite data, and they estimate that 0.68 Gt of carbon per year, ± 0.34 Gt per year, are taken up by forests north of 30°N latitude. They conclude that most of that sink activity (approximately 70 percent) is accounted for by northern forests in Eurasia; US forests account for approximately 20 percent of the global northern sink, and Canadian forests account for approximately 10 percent (Myneni et al. 2001 ). Pacala and colleagues (2001) report on large carbon flux uncertainties for North America, and their results may be contrasted directly with the findings of Myneni and colleagues (2001) . Houghton and colleagues (2001) compare seven different estimates of biomass in the Brazilian Amazon. They find not only that statistical estimates of basinwide biomass vary by more than a factor of two (39 Gt versus 93 Gt) but also that biomass maps are spatially quite divergent, with highbiomass areas on one map being identified as low-biomass areas on other maps. They conclude that differences between biomass estimates for a region such as the Amazon could be reduced with more extensive ground-based forest inventories, better allometry, and the use of airborne or satellite-based instruments that are sensitive to vertical vegetation structure.
The point is that significant uncertainty exists, certainly at global, continental, and subcontinental scales, and even stateof-the-art scientific techniques employed by respected investigators can lead to widely disparate estimates and conclusions. Quantifying regional, continental, or global flux is undoubtedly difficult, because the amount of carbon fixed or emitted in any one location is small relative to large, annual, natural fluxes (Schulze et al. 2000 ). Yet sink-source questions at the regional and national scales are becoming increasingly important as countries move toward protocols to monitor carbon flux and as standing carbon (in the form of vegetation, primarily forest) is traded as a commodity. One method of developing carbon flux estimates regionally is to inventory standing carbon and to determine how it changes over time.
Procedures to inventory carbon over large areas currently involve intensive, stratified ground plot sampling to estimate aboveground dry biomass (Brown 1999 (Brown , 2002 . Biomass estimates are then converted to carbon using generic multipliers, typically on the order of 0.5 t carbon per t dry biomass. Tropical conversion factors of 0.45 (secondary tropical forest) and 0.5 (primary tropical forest) are reported (Houghton et al. 2000; summary in Nelson et al. 2000, table 2) . In boreal ecosystems, aboveground dry biomass has been multiplied by 0.5 (for woody biomass) and by 0.45 (for foliar biomass) to obtain measures of carbon (Gower et al. 1997) . Estimates of belowground carbon are more difficult to calculate because of variation induced by soil fertility (Vitousek and Sanford 1986, Fearnside and Guimarães 1996) . If the 0.5 biomasscarbon conversion holds below as well as above the ground, then generic multipliers can be used to calculate belowground carbon, although, undoubtedly, site-specific variability will be high. An above-to belowground biomass multiplier of 0.2 has been used in Latin America (Houghton et al. 1991) and in the Amazon (Houghton et al. 2001) .
In this article, we report on a procedure to remotely inventory forest biomass (and thereby carbon) using an airborne laser, a remote-sensing instrument that is sensitive to vertical vegetation structure. This remote inventory technique (a) significantly reduces fieldwork and (b) acquires measurements that may be used not only to address biomass-carbon issues but also to make inferences regarding the area of impervious surfaces, of open water, and of wildlife habitat. The primary objective of this study is to report the precision and accuracy of a regional airborne laser inventory of aboveground biomass. Additional objectives include the production of coincident laser-based inventories of impervious surfaces, open-water area, and habitat for the Delmarva fox squirrel (DFS; Sciurus niger cinereus). The DFS is an endangered species endemic to the eastern shore of the Chesapeake Bay, on the mid-Atlantic coast of the United States. The results of this study quantify the degree to which an inexpensive, airborne laser-profiling system can be used to inventory multiple natural and man-made resources regionally, across areas comprising hundreds of thousands of hectares.
Airborne lasers are used to acquire decimeter-or centimeter-level ranging measurements of targets beneath the aircraft (Ritchie et al. 1992 , Blair and Hofton 1999 , Krabill et al. 2000 . These ranging measurements are typically used for terrain mapping or for monitoring and measuring man-made objects. (Refer to www.airbornelaser mapping.com for listings of commercial LiDAR [Light Detection and Ranging] providers and various applications, including terrain mapping beneath vegetation; highway, railroad, and utilities [powerline, pipeline] mapping and monitoring; and shoreline erosion measurements.) To date, however, laser altimetry has not been employed operationally for natural resource assessment, although some inroads are being made in the private sector (Baltsavias 1999) . The reasons for this are primarily economic and secondarily scientific. The economic concerns center on the costs associated with the airborne laser systems and laser data processing. Turnkey airborne LiDAR systems generally come with significant price tags (on the order of $1 million) and specialized data processing requirements. The scientific concerns are twofold. First, largearea (regional) proof-of-concept studies to measure and assess the accuracy of volume and biomass estimates have not been reported. This study is one attempt to rectify that concern. Second, there are limitations inherent in the use of airborne laser systems to monitor forest volume, biomass, and carbon. LiDARs measure tree height, canopy density, and vertical vegetation structure. Researchers relate these height measurements to the amount of wood on the ground by using regression analyses to develop equations that predict, for example, ground-measured biomass as a function of height, density, and structural variables as measured by laser. Tree height is not the primary predictor of forest biomass or volume; the real driver is tree diameter (diameter at breast height, or DBH), a measurement on which we have no information in laser-profiling data and only surrogate information (crown diameter) in airborne laser-scanning data. The net result is that, occasionally yet persistently, the relationships between biomass measured on the ground and laser measurements (i.e., height, density, vegetation structure) are noisy or weak, that is, have low R 2 values. As a result, airborne laser altimetry is not a good site-specific mapping tool. Its strength lies, rather, in areal averages.
The scientific concerns mentioned above should be balanced against an appreciable body of work by numerous researchers who have demonstrated, over the past 20 years, the utility of airborne laser measurements for natural resource applications. colleagues (2002a, 2002b) review this body of work, paying special attention to measurements and capabilites provided by more sophisticated and expensive LiDAR systems. Specific forestry applications of high spatial resolution profiling LiDARs, which illuminate small areas on the groups (laser spot sizes less than 1 meter in diameter) and which space sequential pulses less than 1 meter apart along a line, are reported by Maclean and Krabill (1986) , Nelson and colleagues (1988a Nelson and colleagues ( , 1988b Nelson and colleagues ( , 1997 , and Ritchie and colleagues (1993) . Forestry investigations conducted with small-footprint scanning LiDARs, which provide a digital elevation map of the top of the forest canopy, are reported by Nilsson (1996) , Naesset (1997 Naesset ( , 2002 , Blair and Hofton (1999) , Means and colleagues (2000) , and Naesset and Bjerknes (2001) . Scanning LiDARs have a significant advantage over profilers in that crown diameter measurements are available; hence, surrogate measures for DBH can be derived. Popescu and colleagues (2003) have demonstrated that this additional information strengthens biomass-height relationships significantly. All of the small-footprint laser studies mentioned above note strong and significant statistical relationships between biomass or volume and lasermeasured variables. Many, but not all, also note the occasional weak regression, which was noted above as a scientific concern. This issue is addressed in subsequent sections.
An inexpensive, lightweight, airborne laser-profiling system (Portable Airborne Laser System, or PALS) was built and used to acquire 5000 kilometers (km) of flight data over the state of Delaware during the summer of 2000 . The airborne profiler was built from off-the-shelf, commercially available components: a laser transmitterreceiver, differential Global Positioning System (dGPS) receiver, synchronized video camera, laptop computer, and integration software (LabVIEW), any of which may be replaced as needed to meet specialized requirements. The total cost of the system was approximately US$30,000. The system was designed to be small, lightweight, transportable, and easy to install on small aircraft by one person. It thus allows scientists to conduct laser investigations in isolated locales far from technical support, such as the circumpolar boreal forests, the Congo, and parts of South America and Asia.
Approximately one-fourth of this data set (1306 km of flight data) has been analyzed to inventory the forestlands of Delaware, to estimate the area of impervious surfaces and of open water, and to map and quantify the amount of mature forest available to the DFS. The remainder of the data set is being analyzed to answer questions concerning sampling intensity and to try to further automate the forest inventory system. The results of the statewide multiresource analyses are reported below, and examples of output products available from the laser inventories are provided. Laser estimates are compared with independent estimates to judge the accuracy and reliability of the laser products.
Statewide forest inventory
A small helicopter was used to systematically acquire 14 north-south flight lines spaced 4 km apart (figure 1). The longest flight line segment was 163 km; the shortest was 3.6 km. Aircraft dGPS locations were recorded once every 2 seconds, that is, at a ground speed of 50 meters (m) per second once every 100 m. The dGPS signal was routed to a laptop computer to be interleaved with the laser ranging measurements; it was also routed to the video stream so that the video history was synchronized with the laser ranging data (figure 2). The airborne laser provides a first-return ranging measurement 2000 times per second. This data stream was subsampled at a 10:1 ratio (nine pulses discarded for every one recorded), so that laser ranges were recorded at 200 hertz, providing an along-track post spacing of 0.25 m. Spot size at target from an aboveground level of 150 m was 0.3 m. The combination of aircraft flight speed, laser spot size, and recording rate produced a continuous, seamless line of sequential laser ranging measurements across the landscape.
A ground line was defined for each of the flight lines , and a height was calculated for each pulse. The laser flight lines were registered to an existing Delaware land-cover map, and a land-cover identity and county identity were assigned to each laser pulse. The land-cover map, available from the Spatial Analysis Laboratory at the University of Delaware (www.udel.edu/FREC/spatlab/) , contains 44 landcover classes delineated by photointerpreting 1992 color infrared aerial photographs and 1997 black-and-white aerial photographs. The 44 classes were combined to produce eight general land-cover types: hardwood, mixed wood, conifer, wetlands, agriculture, residential, urban or barren, and open water. Each flight line was parsed into segments less than or equal to 40 m in length, and forest height and canopy density measures were extracted from the laser ranging measurements. The laser measurements of forest height and canopy cover were used as the independent variables in predictive linear models, which related the laser measures to b a ground-based, per-hectare estimates of stems, basal area, merchantable volume, stem green biomass, and total aboveground dry biomass. Linear models were developed for five classes: hardwood, mixed wood, conifer, wetlands, and nonforest (i.e., agriculture, residential, urban). The strength of these linear relationships varied from R 2 = 0.58 (stems) to R 2 = 0.71 (basal area and stem green biomass). Individual segments were weighted by length, adjusted for the amount of impervious surface area or open-water area contained, and summed across land-cover types and counties to derive statewide estimates. The laser-based land-cover and perhectare summaries by county and state are listed in table 1 for total aboveground dry biomass. Similar tables are available for stems, basal area, merchantable volume, and stem green biomass, but these, in the interest of conserving space, are not reported here.
Two points should be made to clarify the results presented in table 1. First, the laser system measures trees across all land-cover types, not just over areas designated as forest. Agricultural, residential, and urban areas support many trees, and the laser height measurements that transect these nonforest cover types are used to develop agricultural, residential, and urban estimates of stems, basal area, volume, and biomass. As noted in table 1, residential areas support a significant amount of woody biomass, approximately onethird to one-half of the per-hectare biomass found in forested locales. Forest Inventory and Analysis (FIA) sampling procedures typically miss this biomass component unless certain minimum-area criteria are met. Second, an apparently surprising result can be seen in . This instrumentation inaccuracy shows up as flight line misregistration errors. Flight line mislocations of a few meters will "push" tree measurements into water bodies (and, conversely, flat water into forested areas). Forested areas adjacent to water bodies, then, "lend" woody biomass to lakes and streams. The net effect of the airborne dGPS inaccuracy is to increase biomass estimates in areas with relatively few or no trees (e.g., water or agricultural fields) and to decrease biomass slightly in forested areas. Across all cover types, the errors sum to zero, that is, a balance is reached between individual cover-type losses and gains.
The US Department of Agriculture (USDA) Forest Service's FIA unit (Miles et al. 2001 ) was responsible for decadal inventories of every state. (The inventories are now updated annually by conducting a 20 percent partial reinventory of the states' systematic field plots. The new, annual state inventories, then, will report a 5-year rolling average.) The FIA unit performed an inventory of Delaware in 1999, one year before the laser overflights. It measured or remeasured 215 systematically located plots to calculate cover type and provide countywide and statewide estimates of stems, merchantable Figure 3 compares 1999 "Timberland" totals with year 2000 airborne laser "Forestland" totals, where the laser "forest" classes are those defined in the GIS, including hardwood, mixed wood, conifer, and wetlands cover types. To reduce sampling errors, the FIA concatenates results for the two smaller Delaware counties, Newcastle and Kent. In figure 3a , stem estimates vary up to 37 percent at the county level and up to 24 percent at the state level. Laser merchantable volume estimates are within 24 percent at the county level and within 15 percent at the state level ( figure 3b) ; two of the three laser estimates (Sussex and Delaware) fall within the FIA 95 percent confidence limits. Laser biomass totals are consistently smaller than FIA dry biomass totals but are within 19 percent at the county level and 16 percent at the state level (figure 3c). One of the three (Newcastle/Kent) laser biomass estimates falls within the comparable FIA 95 percent confidence intervals.
Not shown in figure 3 are laser variances, that is, the standard errors of estimate (SEEs) associated with the laser totals. Calculated laser SEEs are about an order of magnitude smaller than the comparable FIA SEEs, but these laser variances are undoubtedly underestimated by an unknown amount. This underestimation happens primarily because the laser estimates are regression estimates, in other words, smoothed, linear approximations of conditions on the ground. If graphed, the laser error bars would give the false impression of a precision that is not really present. For this reason, to assess 
Repeatability and sampling intensity
As noted previously, the use of an airborne laser to inventory forests has a number of distinct and significant advantages over ground-based inventory procedures. One such advantage is the realization of a significant reduction in fieldwork. Once the models that predict, for instance, volume or biomass as a function of airborne laser measurements are developed for an intial laser inventory (i.e., time zero [t 0 ]), no additional groundwork is needed to conduct subsequent inventories. Subsequent inventories require only the reacquisition of laser measurements along the same flight paths and the computer processing of those laser measures. Such a reinventory-change detection scenario raises two questions. First, how repeatable are laser-based volume or biomass estimates? Second, how intensively should a county or state be inventoried with an airborne laser profiler to generate precise results? Nelson and colleagues (1988b) provide some information with respect to the first question. They noted that differences in volume, biomass, and mean canopy-height estimates for repeated flight lines over a southeastern US pine forest ranged from 3 to 6 percent. No one has yet provided any guidance with respect to the second question. To answer these questions, stem, volume, and dry biomass estimates were calculated using all 14 flight lines, two subsets of 7 flight lines, three subsets of 5 flight lines, four subsets of 4 flight lines, five subsets of 3 flight lines, and seven subsets of 2 flight lines. The flight line subsets were constructed, as nearly as possible, to be mutually exclusive; flight lines used in one subset were not used in other comparably sized subsets. Exceptions were made in one of the three 5-line subsets, in two of the 4-line subsets, and in one of the 3-line subsets. In each of these, one flight line was used in two subsets. The flight line subsets were selected to ensure broad, systematic, statewide coverage. The results (figure 4) illustrate how countywide and statewide estimates of land cover vary as sampling intensity is reduced and how estimates vary within a given sampling intensity. Results are provided for Newcastle (figure 4a), the smallest county; for Sussex (figure 4b), the largest county; and for the entire state (figure 4c). Stem and merchantable volume results, which are similar in appearance to the graphs of dry biomass in figure 4 , are not presented.
For a given cover type within a county, an appropriate sampling intensity will be a function of that cover type's spatial extent, spatial distribution (random versus clustered), and intrinsic class variability. The more extensive the land cover (that is, the higher the percentage of the study area in that particular cover type), the greater the likelihood that flight lines will intercept and representatively sample it. Likewise, the more randomly distributed a cover type, the more likely it is to be representatively sampled by systematic transects. Finally, the lower the intrinsic variability of a cover type (i.e., the more homogeneous it is with respect to measures such as biomass or volume), the smaller the number of times it must be intercepted to be precisely characterized. In figure 4 , for a given cover type (one uniquely colored symbol on a graph), we look for convergence toward a stable value as sampling intensity increases, where sampling intensity equals kilometers of flight line intercepting the given cover type per square kilometer (km 2 ) of sampled area (e.g., the county or state area). The cover types illustrated in figure 4 were selected to reflect a wide variety of spatial distributions and forested states.
The following preliminary findings may lend some guidance to those planning laser aircraft operations related to long-term monitoring of natural resources. The recommendations below apply specifically to the mid-Atlantic, heavily dissected, coastal plain forests of Delaware, something of a worst-case study area from the standpoint of systematic airborne laser sampling. These guidelines are conservative, and anyone applying them to extensively forested, more homogeneous regions-for instance, the Amazon or the Congo-will probably wind up oversampling the study area. A rough conversion (provided below) from range to standard error may be calculated by dividing the range by 4 (Freese 1962) . Note that a sampling intensity of 0.05 km per km 2 corresponds to a spacing between adjacent, parallel flight lines of 20 km; 0.10 km per km 2 = 1 flight line every 10 km; and 0.15 km per km 2 = 1 flight line every 6.67 km.
• To monitor dry biomass statewide (5200 km 2 ) in a specific forest cover type (e.g., conifer, 2.3 percent of the land area) or in forestlands in general (34.1 percent of the land area), within a range of approximately 20 t per hectare, a sampling intensity of 0.10 km per km 2 should be employed. The range decreases to approximately 7 t per hectare at a sampling intensity of 0.15 km per km 2 .
• Consideration and enumeration of smaller, more dissected, urbanized areas such as Newcastle County (1124 km 2 ) require higher sampling intensities for a given cover type. The conifer cover type in Newcastle presents a worst-case scenario, that is, a rare land-cover class (0.3 percent of the county area) in a relatively small county. As noted in figure  4 , conifer estimates bounce between 0 and 142 t per hectare, depending on whether or not the flight line subset that was considered included the single laser transect that intercepted one or more of the few conifer polygons in Newcastle County. Reliable, stable conifer estimates would require sampling intensities well in excess of 0.25 km per km 2 .
• For an area of the size and with the land-cover characteristics of Sussex County-a mostly agricultural county, 2500 , of which 36 percent is forested-a sampling intensity of 0.12 km per km 2 is appropriate to estimate volume and biomass for conifer, forest, nonforest, and all cover types collectively. Higher sampling intensities are needed to reliably measure residential wood resources.
• If a biomass estimate across all cover types is needed for the entire state, then a sampling intensity of 0.05 km per km 2 yields a range of biomass estimates of 13 t per hectare, where the average biomass statewide is 50 t per hectare. A sampling intensity of 0.10 km per km 2 produces a biomass estimate range of 10 t per hectare; 0.15 km per km 2 yields a range of 5 t per hectare.
Area of impervious surfaces and open water
Line intercept sampling techniques (Kaiser 1983 , DeVries 1986 It is interesting to note that 11 percent of the surface area of Newcastle County is impervious. This county includes the cities of Wilmington and Newark; the interstate corridors 95, 295, and 495; and the industrial waterfronts along the Delaware River. Relatively large percentages of Newcastle County are under roof (3.5 percent) or under asphalt or concrete (7.6 percent). In contrast, only 2.8 to 3.4 percent of the more rural, agricultural southern counties are covered by roof, asphalt, and concrete. In total, approximately 4.8 percent of Delaware is impervious, an area equivalent to a parking lot approximately 16 km x 16 km, or an area approximately 25 percent larger than Washington, DC.
Smith and colleagues (2003) developed independent estimates of impervious surface area, by county, using highresolution satellite imagery. Their estimates of impervious surface area differ from laser estimates by up to 28 percent at the county level and by less than 3.1 percent at the state level (table 2, note a). Independent open-water estimates can be 
Mapping Delmarva fox squirrel habitat
The profiling airborne laser system measures forest canopy height and canopy density. If the height measures are related to habitat characteristics, then an airborne laser profiler can be used to map potentially suitable habitat and to monitor habitat gains or losses over time. The DFS, an endangered species on the Delmarva peninsula, was endemic to mature, closedcanopy forest stands with open understories and plentiful mast production (Bendel and Therres 1994) . The laser profiles, 1306 km in length, were processed to categorize height classes and to locate contiguous forested areas at least 30 m long with heights averaging over 20 m and canopy closures exceeding 80 percent; those points are mapped in figures 1 and 2. The areal distributions of forest height-canopy-cover classes were generated for each of the three counties. (Because all three counties have similar graphs, only Newcastle is shown in figure 6 .) The majority of the forests taller than 5 m in all three counties are fully stocked; that is, most forested tracts in all height classes host dense canopies with closures exceeding 90 percent (figure 6). Acceptable DFS habitat will most likely be found in the taller, more mature forest stands with dense canopies. Summary statistics such as those illustrated in figure 6 can be used to follow habitat gain or loss over time and to determine the political (e.g., county) affiliations of those gains or losses. Shifts in acreage out of the tallest height classes over time would indicate loss of potential habitat and might be grounds for revisiting development regulations in the particular counties that host the losses.
The laser is a screening tool used to identify and locate potentially suitable sites; however, it does not confirm their suitability. The first-return laser system used in this study gives no information concerning the understory characteristics of the highlighted stands, and this understory layer is important to DFS reintroduction and relocation efforts. Most of the contiguous patches of Delaware forest are cut regularly, on the order of every 30 to 70 years, depending on species and site quality. A dense understory of greenbriar is common in cut stands, and the presence of such a layer, for the most part, precludes reintroduction of the DFS. Ground visits are needed to verify a site's suitability as DFS habitat.
A preliminary study was conducted to determine the screening capability of an airborne profiling laser. Sixteen 40-m laser transects, identified as having heights exceeding 25 m and canopy closures exceeding 90 percent, were visited in the field. Of these, all proved to be mature, tall, dense stands; 10 were judged to be capable of supporting DFS. The 6 judged insufficient had significant understory regrowth, which would preclude reintroduction. A more rigorous habitat assessment project is currently under way to quantify DFS habitat suitability (Dueser et al. 1988) in different forest height and cover-type classes. The results of this study will report screening efficiencies (i.e., number of laser segments found to be suitable for the DFS to number of laser segments visited) by height class and land-cover type.
Conclusion
A small, portable, inexpensive airborne laser profiler was used to inventory forests regionally, to estimate and monitor impervious surface and open-water areas, and to locate potentially suitable DFS habitat. Merchantable volume agreed with USDA Forest Service FIA estimates within 24 percent at the county level and within 15 percent at the state level. Total aboveground dry biomass laser estimates agreed with FIA estimates within 19 percent at the county level and 16 percent at the state level. Laser stem, volume, and biomass estimates were within FIA 95 percent bounds in four of nine cases. Impervious surface estimates were within 28 percent of satellitebased estimates at the county level and within 3.1 percent for the state. Open-water estimates were within 6.9 percent of photointerpreted results at the county level and within 2.3 percent at the state level. Results also indicated that the airborne laser data could be used to identify and map the location of areas potentially suitable for DFS reintroduction. Preliminary field visits to tall (> 25 m) and dense (> 90 percent canopy closure) stands indicate that more than half of these sites (62.5 percent) would provide habitat suited to the DFS.
Empirical observations suggest that forest dry biomass and, therefore, aboveground carbon can be repeatedly estimated regionally (areas > 5200 km 2 ) within a range of approximately 7 t dry biomass per hectare (approximately 3.5 t carbon per hectare) with a systematic sample of flight lines spaced 6 to 8 km apart, that is, a sampling intensity of 0.15 km per km 2 . The range of the biomass estimate will decrease as the size of the study area considered increases.
An airborne laser-profiling system should be viewed as a regional assessment tool to be used to monitor areas on the order of hundreds of thousands of hectares or larger. Possible applications include inventory and monitoring of forest structure (e.g., height, canopy roughness, height variability, canopy density), timber volume, and aboveground biomass and carbon stocks and fluxes. This technology could be applied to areas with little forest mensuration information (e.g., the circumpolar boreal forests), to areas that are inaccessible or dangerous (e.g., the Balkans or the eastern Congo), or to areas subject to rapid land-cover change (e.g., the Amazon, the western Congo, Madagascar, or Southeast Asia).
These inventory and monitoring applications take advantage of the primary strengths of an airborne laser forestinventory system. First, the groundwork needed to relate volume, biomass, and carbon to laser metrics need be done only once for a particular study area. Once the predictive equations are established, subsequent laser deployments for reinventory-monitoring purposes involve only the airborne sampling phase and the postmission computer processing necessary to produce inventory estimates. Second, once the predictive regressions have been calculated for the first inventory, the data analysis sequence does not involve analysts in any sort of interpretive role, thereby removing a potential, possibly significant, source of bias. If the predictive regression equations are unbiased, the laser-based inventory procedure will produce unbiased results at each inventory period (t 0 , t 1 , t 2 , etc.). If, in fact, the regression equations are biased, then that bias remains constant between remeasurement periods, mitigating flux errors.
Generic relationships have been established between aboveground dry biomass and carbon; so, to the extent that biomass can be accurately measured and the generic biomass-carbon relationships hold, an airborne laser profiler can be used to estimate and monitor carbon regionally. Such a system may have utility as a carbon-monitoring device as carbon becomes a globally regulated commodity. Kyoto signatories, progressive corporations that produce greenhouse gases and view carbon regulation as inevitable, and organizations that deal with extensive forest resources should consider using airborne laser systems to sample their regional and subcontinental forests.
